Introduction
The inverse relationship between high-density lipoprotein (HDL) levels and coronary heart disease (1) has stimulated research on HDL's metabolic origins. Havel and colleagues (2, 3) initially suggested that there may be transfer of surface components (phospholipids, soluble apolipoproteins) from triglyceride-rich lipoproteins (TRL) into HDL. This was subsequently demonstrated by injection or perfusion of chylomicrons or very-low-density lipoproteins (VLDL) in intact rats or their organs (4) (5) (6) (7) . In addition to its origin from TRL, nascent HDL was also found in mesenteric lymph and hepatic perfusates, where it may arise as a result of the interaction of cellular plasma membranes with small intestine-and liver-secreted apo AI (8) (9) (10) (11) . Thus, HDL may be derived from various sources, and the quantitative importance of surface transfer processes in the formation of HDL has never been determined.
The mode of incorporation of phospholipids of TRL into HDL may involve the formation of discrete lamellar HDL particles that can be converted into spherical HDL by the action of plasma lecithin: cholesterol acyltransferase (11, 12) or incorporation of phospholipid into preexisting HDL by collision or aqueous diffusion (12, 14, 15) . However, Tall and colleagues (16, 17) characterized a novel plasma phospholipid transfer activity and showed that it stimulated the transfer and exchange of phospholipids between VLDL and HDL. Subsequently, phospholipid transfer protein (PLTP) was purified, cloned, and found to belong to a gene family of lipid transfer/lipopolysaccharide-binding proteins (18, 19) . Studies of plasma from subjects with homozygous null mutations of their cholesteryl ester transfer protein gene suggested that about half of the plasma phospholipid exchange activity is due to cholesteryl ester transfer protein (CETP), and the other half is due to PLTP (20) . However, recent work (21) has suggested that the related lipopolysaccharide-binding protein might also contribute significantly to plasma phosphatidylcholine (PC) and phosphatidylinositol (PI) transfer activities.
The mouse is an excellent model to study the role of PLTP, because this species lacks significant CETP activity and possesses abundant plasma phospholipid transfer activity (22) . However, overexpression of PLTP in the mouse has led to conflicting results (23) (24) (25) . To determine the contribution of the PLTP gene to plasma phospholipid transfer activities and lipoprotein levels, we have prepared PLTP gene knockout mice.
It has been proposed that the plasma phospholipid transfer protein (PLTP) facilitates the transfer of phospholipids and cholesterol from triglyceride-rich lipoproteins (TRL) into high-density lipoproteins (HDL). To evaluate the in vivo role of PLTP in lipoprotein metabolism, we used homologous recombination in embryonic stem cells and produced mice with no PLTP gene expression. Analysis of plasma of F2 homozygous PLTP -/-mice showed complete loss of phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, sphingomyelin, and partial loss of free cholesterol transfer activities. Moreover, the in vivo transfer of [ 3 H]phosphatidylcholine ether from very-low-density proteins (VLDL) to HDL was abolished in PLTP -/-mice. On a chow diet, PLTP -/-mice showed marked decreases in HDL phospholipid (60%), cholesterol (65%), and apo AI (85%), but no significant change in non-HDL lipid or apo B levels, compared with wild-type littermates. On a high-fat diet, HDL levels were similarly decreased, but there was also an increase in VLDL and LDL phospholipids (210%), free cholesterol (60%), and cholesteryl ester (40%) without change in apo B levels, suggesting accumulation of surface components of TRL. Vesicular lipoproteins were shown by negative-stain electron microscopy of the free cholesterol-and phospholipid-enriched IDL/LDL fraction. Thus, PLTP is the major factor facilitating transfer of VLDL phospholipid into HDL. Reduced plasma PLTP activity causes markedly decreased HDL lipid and apoprotein, demonstrating the importance of transfer of surface components of TRL in the maintenance of HDL levels. Vesicular lipoproteins accumulating in PLTP -/-mice on a high-fat diet could influence the development of atherosclerosis. exon 2 would be expected to create a null PLTP mouse model. The short arm (530 bp) and long arm (5.2 kbp) of the targeting vector were prepared from genomic DNA by PCR using two pair of primers: 5′-CCACGTGACCACACTACTAAG-3′(located in first exon), 5′-TGGTCATGCAACTAGAACGG-3′ (located in the end of intron 1); and 5′-GGGACCTGAGTGTCTCCATG-3′ (located in intron 2), 5′-CGGAATTCCATCTCGAGGTTGC-CGT-3′ (located in intron 6), respectively. Embryonic stem (ES) cells were electroporated by PacI-linearized targeting vector and screened by sequential selection with G418 and Ganciclovir (26, 27) . Southern blot analysis and PCR were used for screening the targeted ES cells. Genomic DNA was digested with EcoRI and a 300-bp DNA fragment, just 5′ to the targeting vector (Fig. 1) , was used as a probe for Southern blots. Two primers, one located outside of targeting vector and the other at the 3′ end of the neomycin-resistant gene (Fig.1) , were also used to perform PCR. Four positive clones were identified out of 196 screened and were injected into blastocysts. Chimeric males were mated with C57BL/6 females, and the resulting F1 mice containing the disrupted allele were intercrossed to generate F2 mice.
Animals and diets used in this study. All phenotypic characterizations were performed with wild-type (+/+), heterozygous (+/-), and homozygous (-/-) littermates of the F2 generation, 10-12 weeks old. Two diets were used: Purina Rodent Chow (no. 5001) and no. 5001 with 20% hydrogenated coconut oil and 0.15% cholesterol (Research Diets Inc., New Brunswick, New Jersey, USA).
Northern blotting and RNase protection assay. For PLTP mRNA Northern blotting, poly(A) + RNA (2 µg) from lung was analyzed, using a mouse PLTP cDNA (666 bp, nucleotides 3-669) as a probe, and a mouse PLTP mRNA RNase protection assay was performed as described (22) .
Lipid transfer assays. Egg PC (10 µmol) containing 10 nmol
]sphingomyelin (N-palmitoyl-9,10-3 H-sphingomyelin) was dried under a stream of nitrogen, resuspended in 1 ml of a solution of 10 mM Tris, 150 mM NaCl, 1 mM EDTA (pH 7.4), and then probe-sonicated and centrifuged. Transfer of radiolabeled phospholipid was measured by incubating 3 µl of plasma with radiolabeled phospholipid vesicles (125 nmol PC) and HDL (250 µg protein) in a final volume of 400 µl at 37°C for 1 h. Vesicles were subsequently precipitated by the addition of 300 µl of a solution of 500 mM NaCl, 215 mM MnCl 2 , 445 U/ml heparin, and the radioactivity of a 500-µl aliquot of the supernatant was measured (25 Lipid and lipoprotein assays. For small volumes of mouse plasma, HDL was separated from apo B-containing lipoproteins by using an HDL cholesterol reagent (Sigma Chemical Co.). The total cholesterol and phospholipids in plasma and HDL were assayed by enzymatic methods (Wako Pure Chemical Industries Ltd., Osaka, Japan). Lipoprotein profiles were obtained by fast protein liquid chromatography (FPLC), using two Sepharose 6B columns (29) .
Quantitation of HDL subspecies. The proportion of pre-β and α electrophoretic mobility HDL species in the PLTP knockout and wildtype mice was determined as described previously (23) .
Electron microscopy. Negative-stain electron microscopy was done using a JEM-1200 EX II electron microscope (JEOL USA Inc., Cranford, New Jersey, USA). Lipoprotein samples in 125 mM ammonium acetate, 2.6 mM ammonium carbonate, and 0.26 mM EDTA (pH 7.4) were mixed with an equal volume of 2% sodium phosphotungstate (pH 7.4) on a carbon/Formvar-coated copper grid (Electron Microscopy Sciences, Fort Washington, Pennsylvania, USA). After 30 s, the excess liquid was blotted, the rest was allowed to dry, and the grid was examined within 1 h. 
Results
Creation of a PLTP-deficient mouse. We used positive and negative selection to target the PLTP gene, replacing exon 2 (containing the translation start site) with a neo gene (Fig. 1a) . To screen for homologous integrants, genomic DNA from ES cells was digested with EcoRI, and a 5′ PLTP flanking probe was used to analyze Southern blots (Fig. 1b) , revealing homologous integration in 4 out of 196 ES cell clones. The addition of a 1.8-kb signal to the endogenous 2.1-kb signal indicated site-specific integration at the PLTP locus. The correctly targeted cells were then injected into C57BL/6J host blastocysts. Fifteen chimeras were generated (12 male, 3 female), and eight of the resulting males transmitted the disrupted PLTP allele through the germline. The resulting heterozygous mice were crossed, and the targeted allele was segregated in a Mendelian fashion. Of 96 progeny analyzed from heterozygous crosses by Southern blotting of tail-tip DNA, 25 (26%) of the progeny were wild-type, 51 (53%) heterozygous, and 20 (21%) homozygous for the disrupted allele (Fig. 1c) . Homozygous crosses yielded viable progeny.
A Northern blot of RNA prepared from mouse lung was probed with a mouse PLTP cDNA probe (666 bp of 5′ end) and showed that there was no 1.7-kb PLTP message in homozygous deficient animals (PLTP -/-) and that there was a reduction of the message in heterozygous deficient animals (PLTP +/-) (Fig. 2a) . RNase protection assay of RNA prepared from mouse lung and liver, two of the major sites of PLTP gene expression, confirmed that there was no PLTP mRNA in homozygous deficient animals (Fig. 2b) .
Plasma and in vivo lipid transfer activity. Plasma PLTP activity analysis using [ 3 H]phosphatidylcholine (PC) vesicles as donor and HDL as acceptor showed no PC transfer activity in PLTP -/-mice (Fig. 3a) . There was ∼60% residual activity in PLTP +/-mice (Fig. 3a) . Moreover, in PLTP -/-mice, there was no plasma phosphatidylethanolamine (PE), phosphatidylinositol (PI), or sphingomyelin (SM) transfer activity (Fig. 3a) . Using mixed PC/[ 3 H]cholesterol vesicles as donor, there was also a marked decrease in the ability of plasma to stimulate the transfer of free cholesterol radioactivity into HDL (Fig. 3a) .
Next, we evaluated the in vivo transfer of phospholipids between plasma lipoproteins. VLDL containing the nondegradable PC analogue [ 3 H]PC ether was injected intravenously. In wild-type mice, there was a rapid transfer of a substantial portion of PC ether radioactivity into HDL. In contrast, [ 3 H]PC ether transfer from VLDL to HDL was almost absent in PLTP -/-mice (Fig. 3b) .
Plasma lipoprotein analysis. As indicated in Table 1 , plasma lipoprotein analysis by precipitation (F2 PLTP -/-mice versus wild-type littermates) showed marked reduction in HDL phospholipid, cholesteryl ester, and free cholesterol (63%, 64%, and 66%, respectively, for male; 66%, 69%, and 70%, respectively, for female). Non-HDL lipids were not significantly altered. Heterozygous (PLTP +/-) mice showed no significant changes in their lipid and lipoprotein levels ( Table 1 The distribution of lipids was also determined by FPLC of pooled plasma samples (Fig. 4) . This confirmed that HDL phospholipid, cholesteryl ester, and free cholesterol were dramatically decreased in PLTP -/-mice compared with wild-type and PLTP +/-mice. Assessment of apolipoprotein composition of centrifugally isolated lipoproteins by reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) revealed a marked decrease of apo AI and apo AIV in HDL (Fig. 5) . A profound decrease of plasma apo AI level was also shown by enzyme-linked immunosorbent assay (ELISA) ( Table 2 ). Apparent slight changes in apo B levels were not significant ( Fig.  5 and Table 1 ). The distribution of mouse apo AI among pre-β-HDL and α-HDL in PLTP -/-and wildtype was determined using an antibody specific for murine apo AI. As shown in Table 2 , both pre-β-HDL and α-HDL were dramatically decreased in PLTP -/-mice compared with wild-type mice. However, the ratio of pre-β-HDL to α-HDL was not changed.
Plasma lipoprotein analysis: high-fat/high-cholesterol diet. To further evaluate the changes in plasma lipoprotein levels, 3-month-old mice were challenged with a high-saturated fat diet (20% hydrogenated coconut oil, 0.15% cholesterol) for two weeks. In response to this diet, HDL phospholipid and cholesterol were markedly decreased in PLTP -/-mice. However, there was an increase in VLDL and LDL phospholipid and choles-
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The Journal of Clinical Investigation | March 1999 | Volume 103 | Number 6 The determination of the proportion of pre-β-HDL and α-HDL species in the PLTP knockout and wild-type mice was described previously (23) . Apo AI was measured by ELISA as described (23) . A P < 0.001, B P < 0.05, n = 5. 
Figure 4
Plasma lipoprotein analysis by FPLC in chow-fed male mice. A 200-µl aliquot of pooled plasma (from 6-10 animals) was loaded onto a Sepharose 6B column and eluted with 50 mM Tris, 0.15 M NaCl (pH 7.5). An aliquot of each fraction was used for the determination of free cholesterol, cholesteryl ester, and phospholipid. The concentration in each fraction is expressed as mg/dl mouse plasma. Chow-fed female mice had a similar lipid distribution profile. FPLC, fast protein liquid chromatography.
terol (3.1-and 2.4-fold, respectively) in PLTP -/-mice compared with wild-type mice ( Table 3 ). The distribution of lipids among the lipoprotein fractions was determined by FPLC (Fig. 6 ). This confirmed the decrease in HDL lipids in PLTP -/-mice and revealed a marked increase in phospholipid and free cholesterol in VLDL, and in a shoulder of the VLDL peak merging into the LDL region. There was also an increase in cholesteryl ester in the VLDL, but this was less pronounced than the free cholesterol and phospholipid increases in the IDL/LDL region, suggesting accumulation of surface components (phospholipid, free cholesterol) of TRL in the IDL/LDL. Consistent with this suggestion, plasma apo B analysis (Table 3) and SDS-PAGE of the isolated lipoprotein fraction showed no increase in apo B in the VLDL/LDL fraction (Fig. 7) . These results suggest that the increased flux of lipid through the plasma compartment on the high-fat/high-cholesterol diet leads to accumulation of phospholipid-and free cholesterol-enriched surface components of TRL in the IDL/LDL fraction in PLTP -/-mice. Negative-stain electron microscopy of plasma lipoproteins. To assess the presence of such lamellar particles, negative-stain electron microscopy was carried out on lipoproteins isolated by FPLC in mice fed the high-fat diet. This revealed vesicular particles in the IDL/LDL fraction of PLTP -/-mice (Fig. 8c, curved arrow) that were absent in wild-type mice (Fig. 8d) . VLDL and HDL contained lipoproteins of typical spherical morphology (not shown). Similar studies on centrifugally isolated lipoproteins showed that vesicular particles were found in the HDL fraction in PLTP -/-mice (Fig.  8a) but not in wild-type mice (Fig. 8b) , while VLDL and LDL contained spherical particles (data not shown). Thus, the vesicular lipoproteins, while eluting in the IDL/LDL region by FPLC, are of sufficiently high density to sink into the HDL fraction. This may reflect the presence of highly saturated phospholipids on the coconut oil diet.
Plasma cholesterol esterification and LCAT activity. HDL phospholipid is substrate for the cholesterol-esterifying enzyme lecithin cholesterol acyltransferase (LCAT). Thus, we examined plasma LCAT activity (a measurement of LCAT mass) and endogenous plasma cholesteryl ester formation in PLTP -/-and wild-type mice on chow and high-fat diets. There were no significant differences in LCAT activity or endogenous cholesterol esterification rate (Table 4 ).
Discussion
Our studies reveal an essential role of PLTP in plasma lipoprotein metabolism. The ability of plasma to stimulate transfer of all of the major plasma phospholipids (PC, SM, PI, and PE) and free cholesterol from vesicles into HDL was almost abolished in PLTP knockout mice, indicating a unique contribution of the PLTP gene to these activities in the mouse. In vitro assays of PLTP activity always show significant background, reflecting spontaneous phospholipid transfer in the absence of plasma (15) . Thus, it was surprising that the rapid in vivo transfer of VLDL phospholipid into HDL was abolished in PLTP knockout mice (Fig. 3) , indicating that there is little spontaneous transfer of VLDL phospholipid into HDL. Although it has long been suspected that the transfer of phospholipid and cholesterol from TRL plays a role in the maintenance of HDL levels (3), the magnitude of this contribution has never been quantified. The most dramatic aspect of the phenotype of homozygous PLTP knockout mice was a marked 60%-70% reduction in HDL levels, with major reductions in HDL phospholipid, free cholesterol, choles- Table 3 Plasma lipid and lipoprotein concentrations in wild-type (+/+), PLTP +/-, and PLTP -/-mice on a high-fat diet HDL was separated from VLDL/LDL by precipitation with HDL cholesterol reagent. The total cholesterol, phospholipid, and triglyceride concentrations were determined by enzymatic methods. Apo B, including apo B48 and apo B100, was measured by ELISA as described. A PLTP knockout mice versus wild-type mice, P < 0.001. Values are mean ± SD based on analyses of individual mouse plasma and represent of 6-10 animals per group. A LCAT activity was determined by the apo AI discoidal substrate assay, equivalent to LCAT mass. B Plasma CE formation was determined as follows: fresh plasma from mice was incubated at 37°C for 1 h. Total and free cholesterol were determined, and CE formation was expressed as nanomole decrease of free cholesterol per milliliter of plasma per hour. CE, cholesteryl ester; LCAT, lecithin cholesterol acyltransferase.
teryl ester, and apo AI. Thus, in the mouse, the transfer of phospholipid and free cholesterol from TRL into HDL is uniquely mediated by PLTP and plays a major role in the determination of levels of all of the principal components of HDL. The reduced HDL levels in PLTP -/-mice may reflect both decreased transfer of surface components from TRL into HDL and altered stability of HDL particles. It is likely that PLTP has binding sites for phospholipid (30) and mediates phospholipid transfer by a carrier mechanism. PLTP may also have the capacity to bind and transfer free cholesterol (31) . Thus, it is likely that a block in the transfer of phospholipid and free cholesterol leads to depletion of these components in HDL. Apo AI is secreted in association with TRL, and the transfer of apo AI from TRL into HDL may depend on the transfer of phospholipid and free cholesterol. In addition to direct effects of decreased transfer, it is likely that the stability of HDL particles is altered in PLTP knockout mice. The lipidation of protein-rich nascent HDL particles, dependent on PLTP activity, may lead to stabilization of these particles. Consistent with this suggestion, preliminary studies indicate hypercatabolism of HDL PC and apo AI in PLTP -/-mice (Jiang, X.-c., and Tall, A.R., unpublished observations).
Interestingly, the heterozygote knockout mouse, while having a dose-related depletion of plasma phospholipid transfer activity, did not display significant changes in plasma lipoprotein levels. This suggests that normal plasma PLTP activity is more than sufficient to provide components for HDL. Thus, the transgenic overexpression of PLTP only produced a high-HDL phenotype when crossed with apo A-I trangenic mice, where the excessive production of HDL protein may have outstripped the ability of PLTP to stimulate lipidation of nascent HDL (23) . In mice with massive overexpression (20-to 40-fold) of PLTP by adenovirus injection (24, 25) , it is possible that low HDL reflects destabilization of HDL particles, owing to very high levels of surface active PLTP. Several lines of evidence have shown a role of PLTP in stimulating the formation of pre-β-HDL particles (23, 24, 32) . The presence of much lower pre-β-HDL in PLTP knockout mice (17% of that in wild-type) ( Table  2) is consistent with a role of this activity in pre-β-HDL formation. However, as opposed to overexpression experiments, the loss of PLTP activity in PLTP knockout mice did not result in disproportionate changes in pre-β-HDL, suggesting a role of other factors in determining the ratio of preβ/α HDL.
The high expression of PLTP in the lung, and its induction by hypoxia in alveolar type II cells (33) , has suggested that PLTP might play a role in pulmonary function, for example, by helping to provide phospholipid from circulating lipoproteins for pulmonary surfactant production. The lack of an overt lung phenotype in the PLTP knockout mice indicates that it does not play an essential role. Also, preliminary examination of lung sections, stained with hemotoxylin and eosin, showed no gross abnormality (Jiang, X.-c., and Tall, A.R., unpublished observations). It is well known
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Figure 6
Plasma lipoprotein analysis by FPLC (male mice, high-fat diet). An aliquot (200 µl) of pooled plasma (6-10 mice) was analyzed as described in the Fig. 4 legend. The concentration in each fraction is expressed as mg/dl mouse plasma. Female mice fed the high-fat diet had a similar lipid distribution profile.
Figure 5
SDS-PAGE analysis of apolipoproteins from ultracentrifugally isolated plasma lipoproteins (chow diet). Plasma HDL (density = 1.063-1.21 g/ml) and VLDL + LDL (density = 1.006-1.063 g/ml) were separated by preparative ultracentrifugation as described. SDS-PAGE was performed on 3%-20% SDS-polyacrylamide gradient gel, and the apolipoproteins were stained by Coomassie brilliant blue as described.
that the alveolar type II cell has a great capacity to synthesize PC, by induction of cytidylyltransferase activity (34) . This ability could compensate for a possible reduction in uptake of lipoprotein PC.
On both chow and high-fat diets, the most dramatic feature of the PLTP knockout mouse phenotype was the reduced HDL levels. However, on the high-fat diet, this was associated with an accumulation of lipids in the VLDL and LDL fraction. This occurred without elevation of plasma apo B or triglyceride levels, and presumably reflects the accumulation of phospholipid-and free cholesterol-rich surface components of TRL. Vesicular lipoproteins were identified by negative-stain electron microscopy in the LDL region (Fig. 6 ). These may appear on the high-fat diet because of increased flux of TRL, leading to enhanced accumulation of surface components. Unexpectedly, there was also some accumulation of cholesteryl ester, especially in VLDL (Fig.6) . We carried out preliminary turnover studies with VLDL carrying radiolabeled cholesteryl ester to test the possibility that in vivo PLTP might play a role in transferring VLDL cholesteryl ester into HDL; however, there was no significant transfer in either wild-type or PLTP -/-mice (Jiang,X.-c., and Tall, A.R., unpublished observations). One possible explanation is that LCAT activity is diverted from HDL into VLDL in PLTP -/-mice on the high-fat diet. Another is that PLTP -/-mice have a subtle defect in clearance of VLDL remnants.
The phenotype of the PLTP knockout mouse (i.e., low HDL and high levels of non-HDL cholesterol) is usually associated with increased propensity to atherosclerosis. However, the increased LDL on the atherogenic diet predominantly reflects the presence of vesicular lipoproteins, which may have antiatherogenic properties (35) . Preliminary analysis indicates that the vesicular lipoproteins are enriched in apo AIV (Jiang, X.-c., et al., unpublished observations) and thus may resemble the particles accumulating in apo E knockout/hepatic lipase knockout mice, which appear to have antiatherogenic properties (36) . The impact of the PLTP knockout on atherogenesis will be tested by crossing with induced mutant strains with increased atherosclerosis susceptibility. 
